The effect of viscosity depending exponentially on temperature on the onset of penetrative ferro-thermal-convection (FTC) in a saturated horizontal porous layer in the presence of vertical magnetic field is investigated. The bounding surface of the ferrofluid layer is considered to be rigid-rigid and insulated to temperature perturbations. The resulting eigenvalue problem is solved numerically using the Galerkin technique and also analytically by a regular perturbation technique with wave number as a perturbation parameter. The analytical and numerical results are found to be concurrence. The characteristics of stability of the system are strongly dependent on the viscosity parameter B. The effect of B on the onset of ferroconvection in a porous layer is dual in nature depending on the choices of physical parameters and a sublayer starts to form at higher values of B. Whereas, increase in magnetic number 
Introduction
Ferrofluids are stable colloidal suspensions of magnetic nanoparticles in a carrier fluid such as water, hydrocarbon (mineral oil or kerosene), or fluorocarbon. The ids in the presence of a gradient of magnetic field. There have been numerous studies on thermal convection in a ferrofluid layer called ferroconvection analogous to Rayleigh-Bénard convection in ordinary viscous fluids. The theory of thermal convective instability in a ferrofluid layer began with Finlayson [4] and extensively continued over the years [5] [6] [7] [8]. Nanjundappa and Shivakumara [9] have studied a variety of velocity and temperature boundary conditions on the onset of ferroconvection in an initially quiescent ferrofluid layer. Singh and Bajaj [10] have investigated a time-periodic modulation in temperatures of two horizontal rigid planes containing an initially quiescent ferrofluid layer induces time-periodic oscillations in the fluid layer at the onset of instability.
Thermal convection of ferrofluids saturating a porous medium has also attracted considerable attention in the literature owing to its importance in controlled emplacement of liquids or treatment of chemicals, and emplacement of geophysically imageable liquids into particular zones for subsequent imaging etc.
Rosensweig et al. [11] have studied the stabilization of fluid penetration through a porous medium using magnetizable fluids. The stability of the magnetic fluid penetration through a porous medium in high uniform magnetic field oblique to the interface is studied. Zahn and Rosensweig [12] . The thermal convection of a ferrofluid saturating a porous medium in the presence of a vertical magnetic field is studied by Vaidyanathan et al. [13] . The laboratory-scale experimental results of the behavior of ferrofluids in porous media consisting of sands and sediments are presented by Borglin et al. [14] . Sunil et al. [15] have dealt with the theoretical investigation of the double-diffusive convection in a micropolar ferromagnetic fluid layer heated and soluted from below saturating a porous medium. Nanjundappa et al. [16] have explored a model for penetrative ferroconvection in saturated porous layer via internal heat generation.
Majority of ferrofluids are either water-based or oil-based. The viscosity of water is far more sensitive to temperature variations and oils are known to have viscosity decreasing exponentially with temperature rather than linearly. Realizing the importance, several investigators have considered exponential variation in viscosity with temperature in analyzing thermal convective instability in a horizontal fluid layer but the studies are limited to ordinary viscous fluids [17] [18] [19] [20] as well as in a layer of saturated porous medium [21] [22] [23] . To our knowledge, due attention has not been given to investigate convective instability problems involving ferrofluids despite its relevance and importance in many R. Nataraj, S. Bhavya Journal of Electromagnetic Analysis and Applications heat transfer applications. Shivakumara et al. [24] have investigated the onset of thermogravitational convection in a horizontal ferrofluid layer with viscosity depending exponentially on temperature.
The intent of the present study is to analyze the influence of viscosity varying exponentially with temperature on the onset of penetrative FTC in a ferrofluid saturated porous layer via internal heating in the presence of a uniform vertical magnetic field. In investigating the problem, the boundaries of the ferrofluid layer is considered to be rigid-ferromagnetic with insulated to temperature perturbations. The resulting eigenvalue problem is solved numerically by the Galerkin technique and analytically by a regular perturbation technique.
Mathematical Formulation
The physical configuration considered is horizontal layer of an incompressible ferrofluid of characteristic thickness d in the presence of an imposed spatially uniform magnetic field 0 H in the vertical direction (see Figure 1) . The lower and upper boundaries are maintained at constant but different temperatures l T and
, respectively. A Cartesian co-ordinate system (x, y, z) is used with the origin at the bottom and z-axis is directed vertically upward. Gravity acts in the negative z-direction,
, where k is the unit vector in the z-direction. The variation of viscosity η of the ferrofluid with temperature is assumed to be exponential, given by
where, T is the temperature, 0 η is the reference value at the reference temperature r T and γ is a positive constant. The governing equations under the Oberbeck-Boussinesq approximation are given by the following:
Mass balance:
Linear momentum balance:
T 0 Figure 1 . Physical configuration. 
Equation of state:
Maxwell's equations in the magnetostatic limit:
Here, 
where, ϕ is the magnetic potential. Since the magnetization depends on the magnitude of magnetic field and temperature, we have
The linearized equation of magnetic state about
where,
It is clear that there exists the following solution for the quiescent basic state:
where, 
where, ′ q , p′ , η′ , T ′ , ′ H and ′ M are perturbed variables and are assumed to be small. Then, we note that
Substituting Equation (9) into Equation (8) and using Equation (9) and assuming the
, we get (after dropping the primes)
Hence on using Equation (14), we get ( )
Again substituting Equation (11) into momentum Equation (3), linearizing, eliminating the pressure term by operating curl twice and using Equation (13) 1
The energy balance Equation (4) after using Equation (11) and linearizing, takes the form (after dropping the primes) ( ) ( )
where ( ) ( )( )
Equations 6(a, b), after substituting Equation (11) and using Equation (13), may be written as (after dropping the primes) ( )
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Since the principle of exchange of stability is valid [5] , the normal mode expansion of the dependent variables is assumed in the form
where,  and m are wave numbers in the x and y directions, respectively.
On substituting Equation (17) into Equations (14)- (16) 
where, kinematic viscosity,
Following the classical lines of linear stability theory as presented by Chandrasekhar [25] , neglecting the asterisk, the linearized and dimensionless governing equation can be written as:
The boundaries are considered to be rigid-ferromagnetic and they are insulated to temperature perturbations:
Method of Solution
Equations (19)- (21) together with the corresponding boundary condition (24) constitute an eigenvalue problem with t R or m R as an eigenvalue. The eigenvalue problem is solved numerically using the Galerkin technique as well as analytically using a regular perturbation technique and the results so obtained are compared to know the accuracy of the methods employed.
Solution by the Galerkin Technique
The Galerkin method is used to solve this problem as explained in the book by
Finlayson [26] . In this method, the test (weighted) functions are the same as the base (trial) functions. Accordingly, W, Θ and Φ are written as ( ) 
, , , 
Solution by Regular Perturbation Technique
It is known that for insulated boundary conditions the onset of convection corresponds to a vanishingly small wave number (i.e. unicellular convection). The numerical calculations carried out in the previous section also corroborate this fact. Therefore, an attempt is being made to exploit this fact to obtain an analytical formula for the onset of convection using a regular perturbation technique with wave number a as a perturbation parameter. Accordingly, the variables W, Θ and Φ are expanded in powers of a 2 as ( ) ( ) ( )
Substituting Equation (27) into Equations (19)- (21) and also in the boundary conditions, and collecting the terms of zero-th order, we obtain ( ) 
1,
with the boundary conditions 1
The general solution of Equation (29a) From Equation (29b), it follows that
Substituting for 1 W from Equation (30) into Equation (31) 
These are the results for constant viscosity ferrofluids and coincide with Nanjundappa and Shivakumara [16] . When M ) has no effect on the onset of ferroconvection; a result which is observed by numerical computations carried out in the previous section. This result is similar to the one noticed in the Journal of Electromagnetic Analysis and Applications case of constant viscosity ferrofluids [16] . Since at the onset of convection 0 c a = (very large wave length), one would expect that 3 M has no effect on the stability of the system.
Results and Discussion
The linear stability analysis is carried out with viscosity depending exponentially its effect is to destabilize the system. This is due to the decrease in viscosity of the ferrofluid with temperature. Moreover, tc R decreases quite rapidly at first then slowly and finally the curves of different Table 1 is to increase the vigor of the ferrofluid flow and hence their effect is to hasten the onset of ferroconvection.
Conclusion
The onset of ferroconvection in a ferofluid saturated porous layer with viscosity varying exponentially with temperature is studied. The viscosity parameter B exhibits a dual effect on the stability characteristics of the system. It shows stabilizing effect on the system viscosity. The viscosity parameter B exhibits a dual effect on the stability characteristics of the system. It shows stabilizing effect on the system initially but displays a reverse trend after exceeding certain value of B. M has no effect on the onset of FTC. The critical eigenvalues were obtained by a regular perturbation technique and computed numerically using the Galerkin method complement with each other indicating the analytical solutions obtained are exact.
